Bordetella pertussis, the causative agent of whooping cough, secretes and releases adenylate cyclase toxin (ACT), which is a protein bacterial toxin that targets host cells and disarms immune defenses. ACT binds filamentous haemagglutinin (FHA), a surfacedisplayed adhesin, and until now, the consequences of this interaction were unknown. A B. bronchiseptica mutant lacking ACT produced more biofilm than the parental strain; leading Irie et al. to propose the ACT-FHA interaction could be responsible for biofilm inhibition. Here we characterize the physical interaction of ACT with FHA and provide evidence linking that interaction to inhibition of biofilm in vitro. Exogenous ACT inhibits biofilm formation in a concentration-dependent manner and the N-terminal catalytic domain of ACT (AC domain) is necessary and sufficient for this inhibitory effect. AC Domain interacts with the C-terminal segment of FHA with 650 nM affinity. ACT does not inhibit biofilm formation by Bordetella lacking the mature C-terminal domain (MCD), suggesting the direct interaction between AC domain and the MCD is required for the inhibitory effect. Additionally, AC domain disrupts preformed biofilm on abiotic surfaces. The demonstrated inhibition of biofilm formation by a hostdirected protein bacterial toxin represents a novel regulatory mechanism and identifies an unprecedented role for ACT.
Introduction
Bordetella pertussis is the causative agent of whooping cough (pertussis) and a reemerging health threat in the United States and globally, as illustrated by the increasing number of cases reported each year. Despite high vaccination rates of children and adolescents, there were approximately 33,000 cases in the United States reported to the CDC in 2014. The most striking shift in the age-specific incidence of pertussis has been in patients aged 15 and older (Strebel et al., 2001) , who are now more frequently infected with B. pertussis. In contrast to the potential fatality of pertussis in infants and young children, adolescents and adults develop a persistent cough with fewer systemic manifestations of the disease (Birkebaek et al., 1999; Wendelboe et al., 2007) and often serve as sources of pertussis transmission (Nelson, 1978; Cherry and Olin, 1999; Bisgard et al., 2004; Quinn and McIntyre, 2011) .
Bordetella pertussis has been shown to form biofilm in vitro on abiotic surfaces and in vivo, primarily on nasal septum and the trachea (Sloan et al., 2007; Serra et al., 2007; Conover et al., 2010; Serra et al., 2011) . Ongoing studies support the concept that B. pertussis forms biofilm during infection; recent clinical isolates form more biofilm compared to a lab-passaged isolate, BP338, and de Gouw et al. showed that biofilm-derived antigens protect mice from B. pertussis infection (de Gouw et al., 2014; Arnal et al., 2015) . The closely related animal pathogen, B. bronchiseptica forms biofilm in vitro on abiotic surfaces and biofilm formation contributes to its chronic infection of dogs and other mammals (Fenwick, 2013) . Although the specific role of biofilm in human infections with B. pertussis has not yet been established, it is clear that these organisms produce biofilm both in vitro and in vivo and thus the regulation of this process warrants further investigation. Biofilms are complex structures controlled by a variety of bacterial signaling systems. They are comprised of aggregative bacteria surrounded by a matrix of polysaccharides, proteins and extracellular DNA (eDNA). Bordetella biofilm has been shown to require eDNA , Bps (Bordetella polysaccharide) (Conover et al., 2010) , which resembles S. aureus poly-N-acetylbeta-(1-6)-glucosamine, and multiple proteins. Of significance to this study is the observation that filamentous haemagglutinin (FHA) is an important component of B. pertussis and B. bronchiseptica biofilm formation. This surface displayed adhesin promotes the formation and maintenance of biofilm by mediating bacteria-substrate as well as bacteria-bacteria interactions. Serra et al. showed that anti-FHA antibodies blocked biofilm formation by B. pertussis, and a strain lacking FHA (DfhaB BPGR4) made less biofilm in vitro and in vivo on mouse trachea and nasal septum compared to WT BPSM (Serra et al., 2011) .
Although less is known about the regulation of biofilm in Bordetellae compared to other medically relevant biofilmforming bacterial species, several modes of regulation have been implicated. Nutrient limitation and oxidative stress activate (p)ppGpp signaling to enhance biofilm formation in B. pertussis (Sugisaki et al., 2013) , while c-di-GMP signaling regulates motility and biofilm formation in B. bronchiseptica (Sisti et al., 2013) . The machinery for synthesis of the Bps matrix component is encoded by the bpsABCD operon and is under control of the BpsR repressor, but the factor, process, or signal that relieves BpsR repression is unknown (Conover et al., 2012) . Multiple signals, including those from the 'master regulator' of virulence, Bordetella virulence gene two-component regulatory system, BvgAS, are integrated to control Bordetella biofilm. Biofilm formation occurs in the Bvg(1) phase and Bvg(i) phase, but biofilm is not observed in the Bvg(2) phase. Irie et al. showed biofilm formation was maximal in the Bvg(i) phase in B. bronchiseptica (Irie et al., 2004) . In contrast, Mishra et al. found biofilm formation was equal in the Bvg(1) and Bvg(i) phases for B. pertussis (Mishra et al., 2005) . Irie et al. also showed that a B. bronchiseptica strain lacking adenylate cyclase toxin (ACT) (DcyaA RB58) made more biofilm than the parental WT RB50 strain and in light of the earlier observation demonstrating a direct interaction between ACT and FHA (Zaretzky et al., 2002) , suggested that this protein-protein interaction could function to regulate biofilm production in Bordetella.
ACT is an important virulence factor of both B. pertussis and B. bronchiseptica. The 177 kDa protein toxin is secreted by a type I secretion system and remains surface-associated or is released as a function of free calcium concentration in the medium (Bumba et al., 2016) . ACT that has been released from the bacterial surface is the active form of the toxin, which affects target cells (Gray et al., 2004) . ACT uses complement receptor 3, the heterodimeric a M b 2 integrin (CD11b/ CD18 or Mac-1), as its receptor (Guermonprez et al., 2001; Osicka et al., 2015) , but can also intoxicate cells that lack this integrin heterodimer (Eby et al., 2010) . Following binding to the host cell, the catalytic domain of the toxin is translocated across the plasma membrane and into the host cytoplasm, where calmodulin (CaM) binds the enzymatic (catalytic) domain, activating it to convert ATP ! cAMP (Guermonprez et al., 2001; ElAzami-El-Idrissi et al., 2003; Perkins et al., 2007; Martin et al., 2010; Osickova et al., 2010; Eby et al., 2012; Uribe et al., 2013) . This in turn leads to supraphysiological levels of cAMP and can cause a massive reduction in intracellular ATP (Basler et al., 2006; Hewlett et al., 2006; Bumba et al., 2010; Eby et al., 2012) . Through these mechanisms, ACT inhibits phagocytosis, chemotaxis and superoxide generation by neutrophils, is required for the establishment of infection in the mouse model and human infections with the attenuated strain, BPZE1 (Thorstensson et al., 2014; Lim et al., 2014) and serves as a protective antigen (Confer and Eaton, 1982; Weiss et al., 1983; Pearson et al., 1987; Cherry and Heinninger, 2004; Vojtova et al., 2006; Basler et al., 2006; Hewlett et al., 2006; Fiser et al., 2012; Costache et al., 2013; Fedele et al., 2013; Thorstensson et al., 2014; Bumba et al., 2016) . In previous studies, the secretion, release, binding to host cells, interaction with host cells, functional effects of ACT on host cells, and its role in establishing an infection have been characterized. This host-directed protein bacterial toxin has not, however, been studied for effects on the bacterium itself, and here we describe a novel function for ACT.
In the present work we have directly tested the hypothesis that the ACT-FHA interaction inhibits biofilm by adding purified ACT to cultures of B. pertussis and B. bronchiseptica in vitro. Indeed, exogenous ACT inhibits biofilm formation, adding to the effect of endogenously produced and secreted ACT. This effect of added ACT occurs through binding of the catalytic AC domain, independently of its enzyme activity, to the mature C-terminal domain (MCD) of FHA, which must be properly folded for the inhibitory effect of ACT to occur. The possible relationship of this novel regulatory role for a bacterial toxin to the hypothetical 'life cycle' of B. pertussis, controlled by BvgAS, is discussed.
Results

Exogenous ACT inhibits biofilm in a concentrationdependent manner
In light of the observation by Irie et al., which showed that B. bronchiseptica DcyaA (RB58) produced more biofilm than WT, we tested the hypothesis that ACT has an inhibitory effect on B. pertussis biofilm as well. The B. pertussis mutant, BP348, lacking ACT by virtue of a transposon insertion in cyaA, and the parental WT strain, BP338, were compared for their abilities to form biofilm. BP338, BP348 and BP347 were grown in 96-well plates and biofilm formation was measured by bacterial accumulation on wells using the crystal violet assay. As shown in Fig. 1A , BP348 made more biofilm than BP338. Bvg(2) BP347, a negative control, formed no biofilm; the low, but measurable, OD 595 reflects basal levels of bacterial adherence, and was previously observed for Bvg(2) B. pertussis (Mishra et al., 2005) . These differences in biofilm formation are not due to differences in bacteria growth, in 10 ml SSM shaking cultures all strains grew at the same rate, while under 100 ml static culture conditions in 96-well plates, BP338 and BP348 grew at similar rates. BP347, which does not make biofilm, reached a higher OD 600 more quickly (Supporting Information Fig. S1 ), excluding impaired bacterial growth as the cause of differences in biofilm formation.
We next tested exogenous, purified, recombinant ACT for its ability to inhibit biofilm formation by B. pertussis and B. bronchiseptica. Exogenous ACT was added at concentrations of 10, 100, or 1000 ng ml 21 (56 pM, 565 pM, 5650 pM respectively) to BP338 cultures. The concentration-dependent inhibition of biofilm is demonstrated in Fig. 1B (IC 50 17.32 ng ml 21 to reduce biofilm to negative control OD 595 ). B. pertussis grown in the presence of ACT or urea, a major component of the solution in which ACT is stored, grew at the same rate as in media alone, further showing that differences in growth rate do not account for reduced biofilm formation (Supporting Information Fig. S2 ). The same concentration-dependent inhibition of biofilm by ACT occurred with B. bronchiseptica (Supporting Information Fig. S3A ). Importantly, the concentrations of ACT (approximately 100 ng ml 21 ) used in this study are comparable to calculated concentrations found in nasopharyngeal washes from baboons and infants infected with B. pertussis (Eby et al., 2013) .
The AC domain is necessary and sufficient for inhibition of biofilm ACT is a 177 kDa, multi-domain protein, and to determine which part(s) of the ACT molecule are involved in the inhibitory effect, we tested truncated ACT variants and an ACT protein mutant lacking AC enzymatic activity (iACT) for their abilities to inhibit biofilm formation ( Fig. 1C is a schematic representation of modifications). These variants, which are partial deletions from fulllength DcyaA (Sebo and Ladant, 1993; Sadilkova et al., 2008) , were previously used to characterize monoclonal antibodies (Lee et al., 1999) and have been used previously in functional assays (Sakamoto et al., 1992; Iwaki et al., 1995; Macdonald-Fyall et al., 2004; Eby et al., 2014) . All ACT variants, with one exception, inhibited biofilm formation to the same extent as full-length ACT (Fig.  1C) . ACT DAC , ACT lacking the catalytic domain, was without an inhibitory effect at 100 ng ml 21 , while the 43 kDa AC domain was comparable to native ACT in inhibiting biofilm formation at just 10 ng ml 21 (comparable molar concentrations), and did so in a concentrationdependent manner (Supporting Information Fig. S4 ). iACT, the enzymatically inactive form of the toxin (1000-fold reduction in enzymatic activity in comparison to ACT holotoxin), inhibited biofilm comparably to ACT at 100 ng ml 21 (Fig. 1D) , establishing that the enzymatic activity of the toxin is not required for the inhibitory effect. Thus the AC domain is both necessary and sufficient for biofilm inhibition, yet its catalytic activity contained in the AC domain is not required. The AC domain is the most conserved portion of ACT among Bordetella species that encode the toxin (Park et al., 2012) , indicating the possibility of a comparable inhibitory role for the AC domain in biofilm regulation among the Bordetellae. The AC domain is also necessary and sufficient to inhibit B. bronchiseptica RB50 biofilm (Supporting Information Fig. S3B ). To confirm the role of endogenous ACT and its catalytic domain, we constructed BP338 DAC. The portion of cyaA encoding the AC domain (D1-373) was deleted and the resultant strain, BP338 DAC, was tested for biofilm formation as in in vitro assays described above. A Western blot was completed to show that the BP338 DAC mutant expresses truncated ACT peptide (Supporting Information Fig. S5 ). As expected, BP338 DAC made more biofilm than the parental WT BP338 (Fig. 1E) , confirming the necessity for and specificity of the AC domain to inhibit biofilm in B. pertussis.
In that the crystal violet assay is an indirect quantification of biofilm, we used scanning electron microscopy to determine the effects of AC domain on BP338 biofilm, using BP347 as a biofilm-negative control. We allowed B. pertussis to form biofilm on glass coverslips in the absence and presence of exogenous AC domain to complement data from the crystal violet assay. Samples obtained under these conditions were imaged using a Zeiss Sigma VP HD field emission scanning electron microscope (SEM). Figure 2 illustrates the dramatic effects of AC domain under these conditions. WT BP338 ( Fig. 2A) and Bvg(2) BP347 (Fig. 2B ) biofilm were compared to BP338 grown in the presence of 10 ng ml 21 AC domain (Fig. 2C ). The exogenous AC Fig. 1 . A. BP348, a B. pertussis strain lacking ACT, makes more biofilm than WT BP338 B. pertussis. Strains were grown in 96-well microtiter plates and biofilm formation was assessed using the crystal violet assay at 96 hours. Bvg(2) BP347 serves as a negative control. Data expressed as the mean 6 standard deviations, compiled from 3 experiments run in triplicate. *P < 0.05 and ****P < 0.0001 compared to WT BP338. B. ACT inhibits biofilm in a concentration-dependent manner. WT BP338 biofilm formation in the presence of increasing concentrations of recombinant purified ACT (ng ml 21 ) was assessed at 96 hours. Biofilm formation was measured by crystal violet assay. Bvg(2) BP347 serves as negative control. Data expressed as the mean 6 standard deviations, compiled from 5 experiments run in triplicate. ***P < 0.001, ****P < 0.0001 compared to WT BP338 without ACT. C. Schema of ACT truncated and enzymatically inactive mutant proteins (Lee et al., 1999) . D. The AC domain is necessary and sufficient for biofilm inhibition, although the catalytic activity of ACT is not required. ACT, iACT or other ACT mutant proteins were added to WT BP338 and biofilm formation was measured by crystal violet assay at 96 hours. AC domain was added at 10 ng ml 21 and additional ACT proteins including DH, DHR1, DR, and DAC were all added to a final concentration of 100 ng ml
21
. Data expressed as the mean 6 standard deviations, compiled from 3 experiments run in triplicate. ***P < 0.0005 compared to WT BP338 without ACT. E. BP338 lacking the AC domain (BP338 DAC) makes more biofilm than the parental WT strain. Strains were grown in 96 well microtiter plates and biofilm formation was assessed using the crystal violet assay at 96 hours. Mean values represented by bars, error bars represent standard deviations. Bvg(2) strain serves as a negative control. Data expressed as the mean 6 standard deviations, compiled from 3 experiments run in triplicate. **P < 0.01 and ****P < 0.0001 compared to WT.
domain precluded biofilm accumulation on glass coverslips, such that BP338 plus AC domain was equivalent to the negative control, BP347. In the images of BP347 and BP338 plus AC domain, there are few bacteria adherent to the coverslip. The lack of bacterial accumulation under these conditions suggests a defect in the initial binding of bacteria, which then impairs subsequent biofilm accumulation. Thus, the initial step of binding to the abiotic surface would be one determinant of the ability of B. pertussis to produce robust biofilm.
AC domain inhibits bacterial aggregation and disrupts preformed B. pertussis biofilm
To address the underlying mechanisms of ACT inhibition of biofilm, we tested other steps in the biofilm life cycle for susceptibility to ACT inhibition. Bacterial aggregates form in shaking culture and positively correlate with biofilm formation in many bacterial species (Sorroche et al., 2012; Kragh et al., 2016) . Exogenous AC domain was added to growing cultures of B. pertussis and the aggregation index was determined at 24 hours, as previously described for B. pertussis (Arnal et al., 2015) . Exogenous AC domain decreased bacteria aggregation by 75% (Fig. 3A) .
The final stages of the biofilm lifecycle involve dispersal of the bacteria from the biofilm structure. In order to investigate further the regulatory effect of ACT on biofilm, we tested the effect of AC domain when added to existing biofilm. Figure 3B shows the time course of biofilm formation in the presence (red solid line) and absence of AC domain (black solid line). When AC domain was added to BP338 biofilm at 72 hours post inoculation and measured 24 hours later (96 hours), biofilm formation was reduced 76% (blue dotted line) compared to BP338 alone at 96 hours, resulting in quantities comparable to biofilm formed in the continuous presence of AC domain (red line). This disruption of existing biofilm did not occur when full-length ACT was added at 72 hours (data not shown). Although we do not know the mechanism of disruption, we hypothesize that the lack of effect of ACT was due to limitations in the ability of the large hydrophobic protein to access the necessary site(s) within the biofilm. Collectively, these data suggest that ACT plays several roles in regulation of Bordetella biofilm, not only during the initial steps, but also during later stages.
The inhibition of biofilm formation by ACT is specific
To characterize the inhibitory effects of exogenous ACT and AC domain on B. pertussis biofilm formation, we tested molecules that interact with ACT for their ability to affect ACT-mediated inhibition. Calmodulin (CaM) binds the AC domain of ACT with high affinity (K d 2 nM) and activates its enzymatic activity (Guo et al., 2005) . It has been previously demonstrated that addition of CaM to ACT, prior to incubation with cells, blocks translocation of the AC domain into the cell cytosol, thereby precluding cAMP production (Mouallem et al., 1990; Gray et al., 2001) . In the present studies, purified formation on glass coverslips. B. pertussis was grown in 24-well plates with inverted glass coverslips so that biofilm formation could occur at the air liquid interface. At 96 hours, the coverslips were fixed in 4% paraformaldehyde and prepared for SEM imaging using a Zeiss Sigma VP HD field emission scanning electron microscope at the University of Virginia Microscopy Core. Representative images were chosen from four experimental replicates. A. WT BP338 (15,000 X). B. Bvg(2) BP347 B. pertussis (5000 X). C. WT BP338 1 10 ng ml 21 AC domain (5000 X).
ACT or AC domain and CaM were combined before addition to bacteria. Under these conditions, a molar excess of CaM prevented the inhibitory effect of ACT or AC domain on biofilm formation (Fig. 4) . Similarly, an antibody directed against the catalytic domain of ACT blocked the inhibitory effects of ACT and AC domain on biofilm (Fig. 4) . The fact that CaM or an antibody blocks the inhibitory effect of ACT suggests the possibility that CaM causes a disruption of a physical interaction between ACT and another bacterial factor, such as filamentous haemagglutinin (FHA), which is involved in biofilm formation.
The AC domain interacts with FHA
In a B. pertussis mutant lacking FHA, ACT is present in the media as opposed to remaining surface-associated (Weiss et al., 1983) and ACT interacts with FHA on the surface of bacteria (Zaretzky et al., 2002) . These data led us to the hypothesis that ACT directly interacts with FHA to inhibit biofilm formation. In light of this collection of observations and the fact that AC domain is necessary and sufficient for inhibition of biofilm, we explored the interaction of the AC domain with FHA by surface plasmon resonance (SPR). The FHA (220 kDa) protein, purified from B. pertussis culture supernatant (Supporting Information Fig. S6 ), was immobilized on GLC sensor chip and real-time kinetics of the interaction of the recombinant AC domain with FHA was analyzed by parallel injection of diluted AC protein over the sensor chip surface at a constant flow rate of 30 ll/min (Fig. 5A) . Interaction of the AC Calmodulin (1 lM) was incubated with ACT (100 ng ml 21 , 565 pM) or AC domain (10 ng ml 21 , 0.233 pM) for 15 min before adding the combination to BP338 cultures. ACT and AC domain alone were also incubated for 15 min prior to addition to bacterial cultures. Monoclonal antibody 7CE4B1 directed against the AC domain ( Lee et al., 1999) , produced by Hewlett Lab, (2.4 mg ml 21 ) was incubated with ACT or AC domain for 15 min before adding the combination to cultures in 96 well microtiter plates. Mixtures as indicated were added to bacterial cultures and biofilm formation was measured at 96 hours by crystal violet assay. Data expressed as the mean 6 standard deviations, compiled from 3 experiments run in triplicate. *P < 0.05 compared to WT. domain with FHA was specific, since negligible binding of the AC domain was observed to the chip coated with FHA44, a truncated FHA protein corresponding to residues 72-862 of FHA, which does not contain the c-terminal domain (Fig. 5B) . Kinetic parameters of the AC-FHA interaction were calculated from global fitting of concentration-dependent binding curves. As shown in Fig. 5A , the binding curves fit well to a Langmuir-type binding model indicating a simple 1:1 interaction between the AC domain and FHA with equilibrium dissociation constant (K D ) of approximately 650 nM. These data suggest that the AC domain only interacts with FHA when c-terminal segment is present.
To complement the functional data which shows CaM blocks the inhibitory effects of AC domain on biofilm formation, AC domain was mixed with CaM in molar ratios of 10:1, 1:1 or 1:10 and the capacity of AC domain-CaM complex to interact with FHA was probed by SPR. As shown in Fig. 5C , binding of the AC domain to FHA in the presence of CaM (10:10) was reduced approximately 75% as compared to AC domain alone, suggesting that CaM and FHA compete for the same site on AC domain, or that CaM binding alters conformation of the AC domain thereby interfering with the ACT-FHA interaction. The data presented in Fig. 4 show that an excess of CaM blocks AC domain inhibition of biofilm and the data in Fig. 5C show that equal molar ratios of AC domain:CaM reduce binding to FHA by 75%. Based on these data we hypothesized that the molar excess of CaM used in the biofilm assay blocks the inhibitory effects of ACT on biofilm formation by blocking the physical interaction between ACT and FHA.
In that the c-terminal portion of FHA is required for AC domain binding to FHA (Fig. 5B, FHA44 ), we hypothesized that ACT and the AC domain would block specific antibody interactions with FHA. To test this hypothesis, we developed an ELISA-based assay to characterize the interaction between ACT and the cterminal segment of FHA. Plates were coated with full length FHA and incubated with buffer, ACT, or AC domain over a range of concentrations (0.1-10 mg ml 21 ), or ACT DAC at 10 mg ml 21 . Monoclonal antibodies directed against the mature C-terminal domain (MCD) of FHA (residues 1870-2362) were used to determine the accessibility of the c-terminal segment of FHA. This anti-MCD antibody has been used previously to detect FHA and study FHA processing (Mazar and Cotter, 2006; Noel et al., 2012) , and was used in this study because it recognizes a large portion of FHA that was deleted from the truncated FHA44 mutant protein.
The presence of ACT or AC domain blocked anti-MCD antibodies from binding to FHA (Fig. 6) . Both ACT and the AC domain produced a concentration-dependent inhibition of anti-MCD antibody binding to FHA, but, in accordance with the earlier functional data on inhibition of biofilm, ACT DAC had no effect (Fig. 6) . Furthermore, incubation of ACT or the AC domain with CaM prior to addition to FHA-coated plates precluded them from blocking the binding of MCD antibody to FHA (striped bars, Fig. 6 ). Because the data regarding ACT inhibition of biofilm correlate with the physical binding of the AC domain and FHA, the consequences of their physical interaction were investigated to better understand the molecular mechanisms involved in biofilm inhibition.
The MCD of FHA is required for ACT inhibition of biofilm FHA is delivered to the bacterial surface via a twopartner secretion pathway. This process involves translocation of FhaB, the FHA precursor, through FhaC, an FhaB-specific outer-membrane transporter (Fan et al., 2012) . FhaB enters the FhaC channel as a hairpin and then begins folding in an N-to-C-terminal manner on the cell surface, creating a b-helical shaft (Mazar and Cotter, 2006; Mazar and Cotter, 2007) . After the region distal to the b-helical shaft reaches the cell surface, the C-terminal prodomain is proteolyzed in the periplasm, creating the 'mature C-terminal domain' (MCD), which is located on the distal portion of FHA (Noel et al., 2012) . To better understand the functional domains involved in ACT binding and inhibition of biofilm, we studied B. pertussis and B. bronchiseptica mutants with altered secretion and processing of FHA.
Since the MCD of FHA is required for AC domain binding (Fig. 5B) , we hypothesized that the MCD must be present in order for ACT inhibition to occur. A B. pertussis mutant lacking the MCD was assessed for biofilm formation in the presence and absence of ACT to determine the role of the MCD in the inhibitory process. BPSM JS20, a derivative of parental strain BPSM, produces a truncated FHA by virtue of deletion of the MCD and C-terminal prodomain and, is therefore, composed only of the b-helical shaft. BPSM and BPSM JS20 were grown in the presence and absence of ACT and biofilm formation was measured at 96 hours. WT BPSM formed biofilm that was susceptible to inhibition by ACT. Importantly, the BPSM isogenic strain and the BP338 isogenic strain, both of which are Tohama I derivatives, were compared for biofilm formation, ACT expression and FHA expression. No significant differences were observed in biofilm formation between the parental WT strains (Supporting Information Fig. S7A ). FHA protein expression was similar between the two strains, although there was slightly more ACT protein expression in BPSM (Supporting Information Fig. S7B ). BPSM JS20 formed equivalent amounts of biofilm in the presence and absence of exogenous ACT (Fig. 7A ) and made more biofilm than the parental BPSM strain in the absence of exogenous ACT; this may be due to the inability of endogenous ACT to have an effect on BPSM JS20 biofilm. The equivalent BPSM JS20 mutant strain in B. bronchiseptica, which is derived from RBX11 and lacks the MCD and C-terminal prodomain, produced biofilm that is not inhibited by ACT (Supporting Information Fig. S8 ). Although the MCD is not required for biofilm formation, it appears to be necessary for ACT-mediated inhibition of biofilm to occur. These data are consistent with the SPR results showing ACT does not bind FHA44, which lacks the MCD (Fig. 5B) .
To validate the role of the MCD in ACT inhibition of biofilm, we tested a mutant in which the MCD is improperly folded. BPSM T-N, also derived from BPSM parental WT strain, contains a mutation in fhaB such that a stop codon is introduced in the region encoding the N-terminus of the prodomain. As a result, the MCD is present and located distally from the cell surface, but is not folded in its native conformation (Mazar and Cotter, 2006; Noel et al., 2012) . BPSM T-N formed similar amounts of biofilm compared to BPSM, yet like BPSM JS20, ACT did not inhibit biofilm formation of this strain (Fig. 7A) . The same was true for RBX11 T-N, the equivalent B. bronchiseptica strain with a misfolded MCD (Supporting Information Fig. S8 ). Although the MCD itself is not required for biofilm formation, the MCD of FHA must be present and in the proper conformation for the inhibition of biofilm by ACT to occur. These data In an ELISA binding assay, plates were coated with FHA and an anti-MCD antibody was used as a detection reagent. ACT, AC domain and ACT DAC , added at a range of mg ml 21 concentrations, were added prior to the addition of the anti-MCD antibody to determine if AC domain binding interfered with MCD antibody detection. In addition to these conditions, 10 mM CaM was incubated with the various concentrations of ACT or AC domain for 15 min prior to addition of ACT to the wells. All values were normalized to the control (OD 450 0.284) using GraphPad Prism6 software. Data expressed as the mean 6 standard deviations, compiled from three experiments run in triplicate **P < 0.01 and ****P < 0.0001 compared to control. directly link the ACT-FHA interaction to inhibition of biofilm by ACT in B. pertussis and B. bronchiseptica.
In light of the inhibitory effects of ACT and the fact that ACT and anti-MCD antibody both bind to the MCD, the ability of the anti-MCD antibody to block biofilm was tested. Indeed, when BP338 was grown in the presence of anti-MCD antibodies, there was a reduction in biofilm (Fig. 7B) . These data suggest that the anti-MCD antibody may block biofilm formation in a similar manner to ACT, support the competition between the ACT and the anti-MCD antibodies for FHA binding, and corroborate previous studies showing that polyclonal antibodies directed against FHA block biofilm formation (Serra et al., 2011) . It is clear that the MCD of FHA plays a part in inhibition of biofilm, although its exact role is unclear. When binding partners, either anti-MCD antibodies or the AC domain, are present, biofilm formation is inhibited. Further investigation of the MCD and its role in regulating biofilm will be important to understand Bordetella biofilm and the effects of ACT.
Discussion
The data presented here link the ACT-FHA interaction to inhibition of biofilm formation by Bordetella pertussis and Bordetella bronchiseptica in vitro. The AC domain is necessary and sufficient, yet the catalytic activity of the toxin is not required for this inhibitory phenomenon. These effects of ACT can be blocked by CaM or by a catalytic domain-specific antibody. We have identified the AC domain as a sufficient binding partner for FHA, and the MCD as necessary for this binding and the inhibitory effect on biofilm to occur. The inhibitory effect may result from the AC domain -MCD interaction simply blocking the FHA molecule in its yet-to-be-identified role in Bordetella biofilm production, or by inducing a conformational change in FHA that has this and other effects. Our working model for the inhibition of B. pertussis biofilm by ACT is diagrammed in Fig. 8 ; the AC domain of ACT binds the MCD of FHA to interfere with inter-bacterial FHA-FHA interactions, which have been previously described as important for biofilm formation. The inhibition by ACT may start in the early steps of biofilm formation, by ACT blocking initial bacteria-substrate, as well as bacteria-bacteria interactions and thus limiting subsequent biofilm accumulation. We have, however, been unable to relate our data to the observations by Perez Vidakovics et al. showing that the absence of ACT reduces B. pertussis binding to alveolar epithelial cells (Perez Vidakovics et al., 2006) .
Our data illustrating inhibition of Bordetella biofilm by ACT through its interaction with FHA raise the important Fig. 7 . A. The MCD of FHA must be present and properly folded for ACT inhibition of biofilm. FHA mutant proteins were generated in the WT B. pertussis BPSM parent strain. BPSM JS20 (DMCD) has the entire MCD sequence deleted. BPSM T-N has a transposon inserted into the prodomain sequence, precluding prodomain cleavage and processing of the MCD, leaving the MCD unfolded in the final FHA molecule. B. pertussis strains were allowed to form biofilm for 96 hours in the presence or absence of 100 ng ml 21 ACT. Biofilm was measured by crystal violet assay. Data expressed as the mean 6 standard deviations, compiled from 3 experiments run in triplicate. *P < 0.05 and **P < 0.01 compared to WT (BPSM). B. Anti-MCD antibodies block biofilm. Anti-MCD antibodies were added at 1:1000 and 1:100 dilutions to WT B. pertussis (BP338) cultures in 96-well microtiter plates to observe their effects on biofilm formation. Biofilm formation was measured at 96 hours using the crystal violet assay. All values were normalized to the control (OD450 0.284) using Graphpad Prism6 software. Data expressed as the mean 6 standard deviations, compiled from 3 experiments run in triplicate **P < 0.01 compared to WT alone. question of how this phenomenon fits with the current concepts of Bordetella pathogenesis and biofilm production. Others have shown that multiple factors, ranging from (p)ppGpp and c-di-GMP to transcriptional regulators of Bps polysaccharide production, control biofilm production by Bordetellae (Conover et al., 2012; Sugisaki et al., 2013; Sisti et al., 2013) . Specifically, Irie et al. and Mishra et al. demonstrated that BvgAS modulates the formation of biofilm and that there is an increase in B. bronchiseptica biofilm under Bvg(i) conditions (Irie et al., 2004) . This scenario can now be explained, at least in part, by a reduction in the amount of inhibitory ACT in the presence of a constant level of FHA in the Bvg(i) phase (Cotter and Miller, 1997; Mattoo and Cherry, 2005; Vergara-Irigaray et al., 2005) . Thus, during active phase of infection in which conditions are optimal for the bacteria, ACT is actively produced for its inhibitory effects on the host immune response and biofilm production is suppressed (Fig. 8) . Under less favorable conditions, during which a defensive posture might be beneficial, a reduction in ACT production could be one of several mechanisms by which production of biofilm is initiated.
Given the active production of ACT during the Bvg(1) phase, it is appropriate to ask why there is any biofilm produced during these in vitro assays. We now know that the quantity and distribution of ACT is different than what occurs in vivo. Previously, we have demonstrated that in ex vivo samples obtained during active infection, concentrations of ACT can reach approximately 100 ng ml 21 and all of the ACT is in the supernatant fraction, as opposed to being surface associated (Eby et al., 2013) . This is in contrast to B. pertussis cultured in vitro in SSM, in which >90% of the ACT remains surfaceassociated and concentrations rarely get as high as seen in the ex vivo samples (Eby et al., 2013) . We have also shown that the functional form of the toxin is that which is released into the media (Gray et al., 2004) , while the surface-associated toxin is likely an improperly folded, inert pool. Finally, this is not the first report of a single protein having multiple, seemingly unrelated biochemical functions. Dr. Constance Jeffery has described and catalogued (www.moonlightingproteins.org) a number of dual function protein molecules, in which a single protein performs multiple physiologically relevant biochemical or biophysical roles (Jeffery, 1999 (Jeffery, , 2003 (Jeffery, , 2009 (Jeffery, , 2014 (Jeffery, , 2015 . On the basis of recognizing additional functions for known proteins, these fascinating molecules, which are from both prokaryotic and eukaryotic sources, have been designated 'moonlighting proteins'. Their study has enabled identification of novel biochemical pathways and protein functions, and allowed systems biologists to better understand cellular processes. Prior to this study, ACT has been studied and characterized solely a hostdirected protein bacterial toxin, that modulates function and is cytotoxic for some target cells by increasing cAMP levels and, depending on concentration, depleting ATP levels. ACT is also a hemolysin and member of the RTX family of pore-forming toxins, which includes E. coli hemolysin, HlyA (Menestrina et al., 1994) . The poreforming function, which for ACT is involved in delivery of its catalytic domain to the target cell interior, has an additional effect of compromising membrane integrity and polarization and contributes to cytotoxicity. The additional role for this protein bacterial toxin, contained within its catalytic domain, namely interaction with a surface adhesion to impair formation of biofilm makes it unlike any other moonlighting protein that has been described in the Moonprot database (Mani et al., 2015) . This information can now be used to study Bordetella biofilm and to hypothesize when formation may occur in vivo. The ability of ACT to inhibit biofilm needs to be investigated further to understand the therapeutic and prophylactic implications. Additionally this information may provide a building block for future studies that elucidate similar novel functions in other bacterial protein toxins.
Experimental procedures
Bacterial strains and growth conditions Bordetella pertussis WT BP338 (Tohama I); Bvg(2) BP347 (TN5::bvgS mutant derived from BP338); WT BPSM (Tohama I); BPSM JS20 (fhaB DMCD and C-terminal prodomain derivative of BPSM); and BPSM T-N (fhaB with transposon insertion in C-terminal prodomain derivative of BPSM) were grown on Bordet-Gengou (BG) agar (Gibco) supplemented with 15% defibrinated sheep blood (Cocalico) for 48 hours at 378C. The same growth conditions were used for B. bronchiseptica strains, WT RB50; Bvg(2) RB54; RBX11-JS20 (fhaB DMCD and C-terminal prodomain); and RBX11 T-N (fhaB with transposon insertion in C-terminal domain). These B. pertussis strains have been previously reported (Weiss et al., 1983; Mazar and Cotter, 2006) , as have B. bronchiseptica strains (Mazar and Cotter, 2006) . Bacteria were then transferred to liquid culture in modified synthetic Stainer-Scholte liquid medium (SSM) and grown for 24 hours at 378C, shaking at 150 RPM. Bacteria were pelleted and washed in SSM, and then resuspended to an OD 600 of 0.1 for biofilm experiments.
Strain construction (DAC domain)
Two DNA fragments (517 and 513 bps), corresponding to the 5 0 and the 3 0 flanking region of the in-frame deletion, were amplified from B. pertussis genomic DNA as a template by PCR using two pairs of primers
The primers were cut with the SpeI/NsiI and NsiI/EcoRI respectively, and ligated with the SpeI/EcoRI-cleaved pSS4245 vector. Bacteria were mated following the previously described methods for B. pertussis. Briefly, B. pertussis BP338 was passaged 2-3 days on BG and grown over night in SSM. The OD 600 was between 0.7 and 0.8. RHO3 E. coli were grown in antibiotic selection media, LB 1 150 mg ml 21 ampicillin (AMP) supplemented with 400 mg ml 21 DAP to mid-log phase. A 2:1 donor to recipient ratio was used. After washing, the bacteria were resuspended in 100 ml SSM and plated on BG 1 MgSO 4 1 DAP plates. After an overnight incubation (approximately 15 hours), the plates were swabbed, the material was washed to remove residual DAP and resuspended in 100 ml SSM. Bacteria were plated on BG 1 MgSO 4 1 AMP. Colonies were isolated and confirmed to lack the AC domain via western blot and PCR.
ACT and ACT mutant protein purification As previously described, calmodulin columns were used to isolate holotoxin ACT from whole-cell urea extracts of XL1-Blue E. coli transformed with plasmid pT7cACT1. Similar methods were used to purify the ACT deletion mutants expressed from the previously described plasmid constructs with similar backbone, whole-cell urea extracts of XL1-Blue E. coli transformed with the following plasmids and ureaextracted material was used in assays described below; ACT DAC (pCACT D-373), ACT DHR (pCACT D385-1489), ACT DH (pCACT D385-1006), ACT DR (pCACT DC217), and iACT (pGW44/188) (Lee et al., 1999) . The AC domain was purified from the E. coli BL21 (kDE3) strain expressing the AC-int-CBD fusion protein (Sadilkova et al., 2008) . Briefly, bacteria were grown at 308C in MDO medium supplemented with 150 mg ml 21 of ampicillin. Cultures were induced with IPTG (1 mM), the cells were washed and resuspended in 50 mM Tris-HCl (pH 7.4), 150 mM NaCl (TN buffer) containing 1 mM EDTA (EDTA buffer), and disrupted by sonication. For protein purification by chitin affinity chromatography, the cell extract was cleared at 20,000 3 g and loaded on a chitin bead column. After washing, EDTA buffer containing 50 mM dithiothreitol was loaded on the column to promote self-excision of the intein-CBD from the AC-intein-CBD fusion protein during overnight incubation at 48C. The AC domain was then eluted with EDTA buffer and dithiothreitol was removed by dialysis against TN buffer. Purified proteins were stored at 2708C until use.
FHA and FHA44 purification
FHA was produced using B. pertussis Tohama I, while B. pertussis Fha44-stop was used to produce the 80 kDa Nterminal fragment of FHA that comprises residues 72-862 of FhaB (the fhaB allele having a stop codon inserted at position 863 was constructed according to Renaud-Mongenie. Bacteria were grown in 1 l shaking liquid cultures in SSM supplemented with 1 g l 21 of (2,6-O-dimethyl)-b-cyclodextrin (Sigma). At OD600nm 4.0, culture supernatants were collected by centrifugation at 10,000 3 g for 20 min at 48C and were sterilized by passage through filters with 0.22 mm pore diameter before loading onto 5 ml Cellufine sulphate columns (JNC corporation) equilibrated with 10 mM sodium phosphate buffer at pH 7.6 (buffer A). After sample application, both matrices containing adsorbed FHA or FHA44 were washed with 80 column volumes (cv) of buffer A, after which a second wash of 20 cv was performed with buffer A containing 300 mM NaCl. The purified FHA and FHA44 proteins were eluted with 700 mM NaCl in buffer A and were stored frozen at 2708C until use. The entire purification procedure on chromatography column was performed at 48C.
Microtiter crystal violet assay
Bordetella biofilm was measured using the microtiter plate assay, coupled with crystal violet staining, as previously described (O'Toole, 2011) . Briefly, Bordetella bacteria were grown in a total volume of 100 ll of Stainer-Scholte medium at 378C in 96-well polyvinylchloride (PVC), roundbottom, non-tissue-culture treated microtiter plates (NuncBrand). B. pertussis biofilm was measured at 96 hours and B. bronchiseptica biofilm was measured at 72 hours. Wells were washed at the final time point to remove planktonic bacteria. Bacterial cells that remained attached to the wells were stained with a 0.1% solution of crystal violet (CV) and were incubated at room temperature for 30 min. The washing process was repeated, and the CV stain was solubilized from bacterial cells with 200 ll of 95% ethanol. Biofilm formation was quantitated by measuring OD 595 .
Scanning electron microscopy
Biofilms were grown statically in 24-well non-tissue culture treated polypropylene plates (0.5 ml cultures per well), and a circular microscope cover glass (12CIR.-1.5) was inserted into each well. Bacteria successfully adhered to the coverslip, as initially confirmed by Gram stain, and matrix was present as determined by Calcofluor White staining. Coverslips were placed in 4% paraformaldehyde to fix samples. B. pertussis biofilm was observed on the surfaces of the coverslips at 96 hours under various conditions.
Aggregation assay
Bacterial aggregation was measured using previously described methods for B. pertussis (Arnal et al., 2015) . Briefly, BP338 was grown in the presence and absence of AC domain for 24 hours at 378C shaking. At 24 hours, six 1 ml samples were collected. Three were homogenized by vigorous vortexing and three were not homogenized before centrifugation at 650 3 g for 2 min. The OD 600 was then measured from the supernatant, and the aggregation index (AI) was calculated based on the following equation: (OD homogenized 2 OD nonhomogenized )/OD homogenized . Three independent experiments were performed in triplicate.
Surface plasmon resonance
SPR measurements were performed at 258C using a ProteOn XPR36 Protein Interaction Array System (Bio-Rad, Hercules, CA, USA). FHA and FHA44 were diluted to a final concentration of 1 mg ml 21 in PBS containing 0.005% Tween-20 and immobilized as ligands to a GLC sensor chip (BioRad) at flow rate of 30 ll/min. SPR measurements were carried out in the running buffer containing PBS supplemented with 0.005% Tween-20 at the flow rate of 30 ll min 21 for association and dissociation phase of sensograms. The purified AC domain was diluted in the running buffer to the indicated concentrations and injected in parallel ('one-shot kinetics') over the chip surface. The sensograms were corrected for sensor background by interspot referencing (the sites within the 6 3 6 array which are not exposed to ligand immobilization but are exposed to analyte flow), and double referenced by subtraction of analyte (channels 1-5) using a 'blank' injection (channel 6). The data were analyzed globally by fitting both the association and the dissociation phases simultaneously for five different AC domain concentrations using a 1:1 Langmuir-type binding model. An apparent equilibrium dissociation constant (K D ) was determined as K D 5 k d /k a .
ELISA-based binding assay
ELISA-specific MaxiSorp 96-well immunoplates (Thermo Scientific) were coated with 0.5 mg ml 21 FHA overnight in 100 ml bicarbonate solution. Before beginning the assay, the wells were washed and then blocked in 5% milk 1X PBS 0.05% Tween for 1 hour. Wells were washed and control (no protein), ACT, AC domain or ACT DAC (50 ml) was added for 30 min. Anti-MCD antibodies described previously (Noel et al., 2012 ) (50 ml of 1:100,000 dilution) were added to wells for 30 min after the addition of the first 50 ml solution. Wells were washed and a secondary anti-rabbit-HRP linked antibody was added to wells for 1 hour. Wells were washed again and the detection solution (SureBlue TMB Microwell Peroxidase Substrate) was added for 15 min. HCl 1N was added to stop the detection solution reaction and the absorbance at OD 450 was read using an uQuant Bio-Tek ELISA reader.
Statistics
Statistical analysis was performed using Student's unpaired t test with Welch's correction, assuming Gaussian distribution (parametric test), these tests were performed on data sets to compare conditions within experiments.
